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ABSTRACT 
Three methods of repairing fatigue cracks at fillet weld 
toes were investigated to determine their effectiveness on defects 
of different severity and under different loading conditions. 
The repair methods which included grinding, peening, and gas 
tungsten-arc remelting, were applied to the fillet welds attaching 
coverplates to full-size I-beams. Repairing was performed at one of 
three times in the life of the beams; before cyclic loading, after 
a predetermined number of cycles, and after cracks were visible. 
Cyclic loading was done at three stress ranges and two minimum 
stresses to determine the effect of loading conditions. 
Gas tungsten-arc remelting was shown to be the most consistent 
and effective repair for all defect severities and loading condi- 
tions. Fatigue lives of three to four times that of non-repaired 
beams were not uncommon. 
Peening was shown to be most effective when performed while 
the minimum load was applied. When performed under no-load condi- 
tions, the effectiveness wasstrongly dependent on loading condi- 
tions, with low minimum stress and stress range resulting in 
longest life. This is due to the cancelling of the compressive 
residual stress field due to peening by the large tensile stresses 
due to loading. 
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Grinding was shown to be ineffective for nearly all of the 
test conditions and is not recommended for field use. 
Failures in repaired beans were examined and found, in nany 
cases, to be caused by defects introduced by the repair procedure. 
Common defects were grinding gouges, peening laps, and lack of 
remelt penetration or rough remelt bead shape. 
The SEN was used to confirm the presence of slag intrusions at 
fillet weld toes. These slag intrusions were seen to be sharp, 
crack-like defects caused by welding and are believed to be a major 
cause of low fatigue life in fillet welds. 
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INTHpDUC.TIOJf 
Several studies have documented premature failures in welded 
structures which had been subject to cyclic loading.  Two such 
studies of welded details common to bridge construction have shown 
that failures occur at the toe of fillet welds of both load carry- 
12 3 4 5 ing and non-load carrying attachments ' ' ' ' . The problem is most 
critical at fillet welds oriented transverse to the direction of 
loading, or at the termination of fillet welds oriented parallel to 
the direction of loading. This phenomenon is well recognized by 
structural designers who are forced to limit the number and severity 
4 5 7 8 
of the stress cycles to which the structure is subjected ' ' ' . 
The cause of the short fatigue life cannot be satisfactorily 
explained by the stress concentration due to the welded attachment 
alone. A recent study, however, has revealed the presence of non- 
9 
metallic particles embedded in the weld near its periphery or toe . 
These are believed to be slag particles which have become trapped in 
the semi-liquid area at the intersection of the base metal and the 
face of the fillet weld. These sharp, crack-like "slag intrusions" 
are produced by common arc-welding processes, and are believed to 
eliminate the crack initiation stage of fatigue failure by providing 
a defect of proper size, acuity, and orientation from which a crack 
can grow. 
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The need is apparent for a net hod of extending the fatigue ])fe 
of   thef>e structural renders, thus allowing a more efficient use of 
their flexural strength.- A number of methods have been successful in 
extending fatigue life  '  * *" **' "J.     These are most commonly applied 
to the toe of the fillet weld and include (1) grinding, (2) peening, 
and (3) local remel ting.  When applied to the weld before the member- 
is put into service, increases in fatigue life of more than 2001 are 
not uncommon  '  ,12. 
All successful repair methods are believed to remove or alter the 
effect of the slag intrusions. Grinding removes the intrusions in 
addition to reducing the gross stress concentration. Peening intro- 
duces a compressive residual stress field around the intrusion and 
tends to blunt its tip. Local remelting of the weld toe is done with 
the electric arc of the Gas Tungsten Arc (GTA) process and is believed 
to float the trapped slag particles to the surface, leaving the toe 
smooth and defect free. 
Recently, there has been interest in repairing cracks of various 
13 depths which are known to exist in structures already in service 
Because of the success of the three previously mentioned repair methods 
in extending the life of crack-free fillet welds, it was decided to 
evaluate the effectiveness of these methods on welds which contained 
cracks of various sizes. 
The specimen chosen for study was the coverplated I-beam shown in 
Figure 1.  It was selected because of its common usage in bridge 
4 - 
construction, and because it is the sane specimen used by Fisher"' in 
his evaluation of the fatique strength of plain coverplated bea'-s. By 
comparing the behavior of both plain and repaired coverplated beans, 
the effectiveness of each repair nethod can be accurately assessed. 
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Exf.ERJi^J^L-.?,'ET.H()I) 
This study was designed to determine the effectiveness of three 
methods of repairing fatigue cracks which occur at the toe of fillet 
welds. Each repair method was evaluated as a function of the stress 
range and minimum stress for three different crack depths. 
EXPERIMENT DESIGN 
The test specimens were 10.5 ft. (3.2 m) long 14WF30 rolled 
I-beams shown in Figure 1. All beams were from the same heat of 
ASTM A-36. Coverplates 9/16 in. x 4 1/2 in. x 48 in. (14 mm x 114 mm 
x 1220 mm) were welded to both flanges. The 1/4 in. (6.3 mm) long- 
itudinal fillet welds along each side of the coverplate were made 
simultaneously with the automatic submerged-arc process. The 1/4 
in. (6.3 mm) transverse fillet welds at the coverplate ends were 
manual submerged-arc welds. These were continued around the cover- 
plate end for about 3/4 in. (19 mm) to avoid leaving a weld crater 
along the coverplate end. * 
The coverplated beams were then mounted on the test bed shown 
in Figure 2 and cyclically loaded in three point bending. A sche- 
matic of the three point loading is shown in Figure 3. Loads were 
applied with an Amsler variable stroke hydraulic pulsator operating 
at a constant frequency of 260 cpm or 520 cpm, depending on the 
stress range. The slower speed was used at a stress range of 
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24.8 ksi (171 MPa); the other stress ranges, 18.6 ksi (123.2 MPa) 
and 12.0 ksi (82.7 MPa) were run at 520 cm.     The loading cycle at 
each test condition was sinusoidal and of constant amplitude.. The 
ninimurr. stress was always tensile. The loads were applied to pro- 
duce a given stress range and minimum stress at the outer fibers 
of the tension flange at the ends of the coverplate. 
The experiment was designed with both minimum stress and stress 
range as independent variables. The number of cycles to failure was 
measured as a function of these variables for each method of repair. 
Failure was considered to have occurred when the crack penetrated 
through the tension flange. Since failure was accompanied by a 
considerable loss in stiffness, mid-span deflection of the beam pro- 
vided a convenient means of determining failure. The fatigue testing 
machine was set to stop automatically after a mid-span deflection of 
0.020 in. (.5 mm) which, in most cases, corresponded to through-the- 
flange failure. Testing was continued after failure at the first 
detail by splicing the cracked region. The splicing was accomplished 
by placing lap plates on both sides of the tension flange and fasten- 
ing them in place with C-clamps. Testing was then resumed until 
failure occurred at the other coverplated detail. 
A total of 60 beams were studied. Each beam yielded two data 
points, one for each coverplate termination on the tension flange. 
The beams were arranged into a series according to the method of 
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repair and tine of repair as shown in Table 1.  lach series was 
arrarvMKi into factorial experiments defined by the stress range 
and the nininun stress. The factorials, illustrated in Table 2. 
were not complete for any series because only one minir-.un stress, 
10.0 ksi (68.9 MPa), was used for stress ranges of 24.8 ksi 
(171 MPa) and 12.0 ksi (82.7 MPa). 
One of the three repair methods, grinding, peening, or GTA 
remelting, was applied to the toe of the transverse fillet weld 
at one of three different times during the life of the weld.  In 
the first series, referred to as the as-welded series, each repair 
method was applied before the beams were cycled. This series was 
designated 6AA, PAA, or TAA, depending on whether the repair was 
by grinding, peening, or GTA remelting respectively. 
In thesecond series, the beams were cyclically loaded to a 
predetermined number of cycles before repair. The number of cycles 
varied with the stress range and represented a fatigue life of 
75% of the lower confidence limit (LCL) of fatigue life for that 
particular weld detail. This lower confidence limit was determined 
3 
by Fisher in a previous study of identical coverplated beams. 
Fisher determined that at this point in the fatigue life, semi- 
elliptical cracks at the coverplate termination had already grown 
to a depth of about 0.1 in. (2.5 mm), but were still too small to be 
detected visually. This series, designated either GLA, PLA, or TLA, 
was meant to determine the effectiveness of repairing shallow craci.s. 
The depth of the cracks present at this tifne depended on the severity 
of the initial defects, and although generally shallow, was quite 
variable. 
In the third series, designated GVA, PVA, or TVA, the beams 
were not repaired until a crack was visible. Although considerable 
care was exercised in visually monitoring these cracks, there were 
still variations in their length and depth when detected. They 
were, in general, deeper than the previous series. 
REPAIR METHODS 
Grinding Weld grinding is an accepted method of reducing stress 
concentrations and has been used successfully to increase the fatigue 
life of fillet welds ' '  . In this study, grinding was done with 
the rotary file shown in Figure 4 and was limited to the region of 
the fillet weld toe. Depth of grinding was 1/32 in. (0.8 mm) to 
1/16 in. (1.6 mm) and was left to the discretion of the technician 
who continued grinding until the weld toe was smooth and free of 
visible defects. When a visible crack was present, grinding was 
continued until the crack was no longer visible. Care was taken not 
to leave grinding marks perpendicular to the direction of loading to 
avoid introducing new crack initiation sites. Figure 5 shows a 
typical fillet weld after grinding. 
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''eeninq Peening has also been used successfully to increase the 
10 11 1 5 1 £ tatKjue life of fillet welds  '''"'. The weld toe was 
plastically deformed by mechanical hammering which introduced 
compressive residual stresses in the immediate region of the weld 
toe.  This was believed to inhibit both crack initiation and crack 
growth. 
Peening was done with an  Ingersol-Rand model 194 pneumatic 
hammer operating at 25 psi (172 kPa). The peening tool is shown 
in Figure 6. Peening was continued until the toe was smooth or, 
if a crack was visible, until it was closed. 
GTA Remelting Metal at the weld toe was melted using the Gas 
Tungsten Arc welding process (GTA). The tungsten electrode was 
moved manually along the fillet weld toe at a constant rate, melt- 
ing a small volume of the fillet weld and base metal. This is 
believed to float to the surface any slag particles which may be 
9 
trapped along the weld toe . Remelting also smoothed the weld toe 
thus reducing the gross stress concentration. When a crack was 
present, a sufficient volume of metal surrounding the crack was 
melted to incorporate the whole crack. 
The welding apparatus was a 300 ampere, DC power supply 
designed to maintain a relatively constant current. Melting was 
done in the straight polarity mode. A high frequency discharge 
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was used to aid in starting the arc. A Linde MW-16 water-cooled 
torch with a 5/32 in. (4 mm) diameter, 2'   thoriated tungsten 
electrode was used. 
The Area  near the transverse welds in all of the GTA renelted 
series was sandblasted to renove all mill scale. Undercutting 
resulted when the scale was not removed. Remelting was started at 
the longitudinal weld about 3/4 in. (19 mm) from the transverse 
weld, continued along the transverse toe and around again.to the 
longitudinal weld. This procedure was used to avoid leaving a 
weld-stop crater in the critical toe region. If it was necessary 
to terminate a remelt along the transverse weld, care was taken to 
stop along the face of the weld and not along the toe. This and 
12 
other methods of remelt termination recommended by Millington  are 
shown in Figure 7. A remelted weld toe is shown in Figure 8. 
The welds in the TAA series were made in the downhand, or 1G 
position, which resulted in uniform travel speed and smooth bead 
shape. The TLA and TVA series were welded in the overhead position 
which resulted in somewhat non-uniform bead shape and penetration. 
In this position, penetration was harder to maintain because the 
weld puddle tended to droop as the heat input was increased. The 
heat input for the TLA and TVA series was varied according to the 
estimated crack depth by changing the travel speed at constant 
current. 
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The depth of the rer.elte-d zone is critical to the success of 
this procedure because insufficient penetration will leave a crac* 
buried below the surface. Therefore, careful selection of the weld 
Daraneters is essential to assure adequate penetration. Argon gas 
was used for shielding throughout the TAA series. Welding current 
was 200 amperes and travel speed was about 3 in./min ( 1.27 inn/sec) 
resulting in penetration on the order of 0.1 in. (2.5 mm).  It was 
soon apparent that this depth of penetration would be insufficient 
for the series in which cracks were already present. Since penetra- 
tion has been shown to increase with proper selection of shielding 
gas and electrode cone angle , an experimental program was under- 
taken to determine the most effective combination of these two 
variables. Details of the study are presented in Appendix A. Based 
on this study, it was decided to use helium as the shielding gas and 
an electrode cone angle of 60°. With this combination, penetration 
was 40% deeper than with argon for the same current of 200 amperes. 
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RESULTS 
The results of fatigue testing coverplated beans with trans- 
verse fillet welds are presented in Tables 3, 4, and 5 and in Fig- 
ures 9 through 17.  Tabulated are  the stress ranqe, S„, rrnnimuni 
stress, S .  , the number of cycles to failure, and the location of 
cracks which caused failure. The number of cycles to the first 
observed crack is listed when available. 
Figures 9 through 17 present the data plotted as log stress 
range, SR, versus log N, the number of cycles to failure. The mean 
regression line for these data is plotted for each series along with 
the equation of this line and the standard error of estimate, s. 
.Also plotted on each figure is the mean regression line and the 
confidence intervals for plain coverplated beams with transverse 
3 
fillet welds. These data were obtained by Fisher on identical 
coverplated beams which were cycled to failure without repair, and 
represent the base line with which to compare the effectiveness of 
the present repair methods. The equation for the mean regression 
line obtained by Fisher is: 
Log N = 9.292 - 3.095 Log SR 
The confidence interval by Fisher was taken as twice the standard 
error of estimate, s, obtained from the regression analysis, where 
s = 0.101. 
13 
The *r:edn regression lines fro™ the present study are based on 
a limited amount of data And  should therefore be used with caution. 
In general, they indicate trends which are useful in comparing the 
effectiveness of repair. Use of these data for design purposes is 
not recommended until more data is acquired and the confidence inter- 
vals are  known with greater precision. This is especially true for 
the series where cracks are expected to be present. 
The following are  observations which generally apply to all of 
the test series in this study. 
(1) The effectivenss of repair was, in most cases, a 
function of the stress range. Weld details at 12 ksi 
(82.7 MPa) stress range responded more favorably to 
repair than those at 24.8 ksi (171 MPa) stress 
range. 
(2) Minimum stress had a greater effect in this study 
3 
than in the previous study by Fisher on plain 
coverplated beams. 
(3) The optimum repair effectiveness was obtained when the 
toe cracks were suppressed. The severity of the root 
defects then determined fatigue life. Substantial in- 
crease in life occurred in many details even though 
failure originated at the weld toe. 
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('•) Since the success of ail three repair methods 
depended on changing the stress state at the 
crack tip, the repair became more difficult and 
less reliable as the crack depth increased. 
(5) The effectiveness of the repair depended, to a 
large degree, on the care with which it was made. 
EFFECT OF GRINDING Grinding the weld toe was the least effective 
of the three methods studied. No significant increase in fatigue 
life was experienced except for a slight increase at the lowest 
stress ranges. All but two beams suffered toe cracks after repair. 
Most of these failures were caused by partial removal of the slag 
intrusions or by defects such as deep nicks and gouges introduced 
by the grinding burr. 
The improvement evident in the GVA series can be attributed to 
the effect of peening after grinding. 
EFFECT OF PEENING All but three of the peened details failed from 
cracks at the toe; however, in some cases, the improvement in fatigue 
life from these toe-cracked beams was significant. Improvements 
were largest at the minimum stress of 2 ksi (13.8 MPa). Apparently, 
the larger minimum stress cancelled the effect of the compressive 
residual stresses introduced by peening. Equally significant 
15 
improvements resulted when peening was done when the beam was under 
a static load. 
EFFECT OF GTA REMELTING In contrast to the two previous repair- 
methods, the vast majority of these failures occurred at the weld 
root, not at the toe. This indicates a maximum in repair effective- 
ness because a root failure represents an upper bound to fatigue 
life. The toe failures only occurred in the TLA and TVA series in 
which cracks were already present. Failure was traced directly to 
lack of remelt penetration or as sometimes occurred in the TVA 
series, to undercutting or rough bead shape. All of the TVA series 
toe failures were accompanied by a large increase in life. 
16 - 
DISCUSSION 
DESCRIPTION OF FAILURES 
Non-Repaired Beams Crack initiation in these load-carrying fillet 
welds takes place at the toe of the transverse fillet weld joining 
the coverplate to the beam flange. This is the point of greatest 
stress intensity due to the applied stress, the geometry of the 
fillet weld to flange connection and the microscopic defects at the 
fillet weld toe. These weld defects will be discussed in detail in 
a later section, but it is sufficient to say at this point that the 
welding process itself introduces minute crack-like defects which 
9 
can be considered as pre-existing cracks . In the presence of these 
defects, fatigue life depends only on the rate of crack growth since 
the crack initiation stage has been eliminated. 
3 
Fisher reported that crack growth in plain coverplated 
(unrepaired) beams can be characterized by the two stages shown in 
Figure 18. During the first stage, the crack grows through the 
thickness of the flange in a semi-eleptical shape. After reaching 
the lower flange surface, the crack enters stage II and grows toward 
the flange tips and down through the web. 
Repaired Beams The repaired beams exhibited two distinct modes of 
failure, i.e., cracks through the weld toe and cracks through the 
weld root. The root failure mode was preferable because it generally 
- 17 - 
resulted in a longer fatigue life and only occurred when the weld 
*a»:» was sufficiently strengthened by the repair.  Toe failures 
generally were the result of ineffective repair.  It was not un- 
CiKTnon for both root and toe cracks to be present simultaneously. 
In these instances, the toe cracks were generally more severe and 
caused failure while the root cracks either grew ^ery  slowly or 
ceased growing due to the stress relaxation which resulted from the 
toe crack. There were cases where failure was from the root even 
though toe cracks were present, but it is believed that these toe 
cracks developed late in the life of the detail after the root 
crack was well developed.  It was apparent that the mode of failure 
depended on the location of the highest stress intensity which de- 
pended on the severity of the root defects and the effectiveness of 
the toe repair. 
The location of crack initiation along the weld toe was more 
variable for repaired beams than for plain beams. Certain crack 
initiation sites were favored in different test series. For example, 
the PVA and GVA series favored the region near the end of the trans- 
verse weld for crack initiation. It was not uncommon for initiation 
to occur at defects introduced by the repair, particularly in the 
ground series. Multiple cracks and crack linking were also common 
throughout the tests. 
Cracks which occurred near the center of repaired beams can be 
described by the two stage growth discussed previously. The growth 
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of cracks which occurred away fror-  the center of the bean can bo 
described by three stages which are illustrated in Figure 19. Stage 
I continues until the crack has penetrated the lower flange surface. 
Stage II then begins and continues until the crack has grown through 
one flange tip. The remainder of growth as the crack moves toward 
the web is considered stage III. The different stages can be 
approximated by well-known crack models. Stage I is represented by 
an elliptical, part-through crack; stage 11 by a center crack; and 
stage III by an edge crack. 
When toe cracks were suppressed, root cracking was the cause of 
failure. This type of crack generally started from porosity or lack 
of fusion at the weld root near the center of the flange and grew 
diagonally through the weld throat. Growth was then outward toward 
the ends of the weld. Only when the end of the weld was reached did 
the crack start to penetrate the flange since this was the only point 
along the crack path where the weld met the flange. A root failure 
illustrating this is shown in Figure 20. It should be noted that 
until the crack began to penetrate the flange, the load carrying 
capacity of the beam was not impaired. This is significant because 
it allows a large, easily detectable crack to be present without 
resulting in structural damage. This is in contrast to a toe crack 
which immediately begins to penetrate the flange and by the time it 
is easily detectable, has already significantly reduced the integrity 
of the beam. The benefits of suppressing toe cracks are seen to be 
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great. Not only is the fatigue life of the structure substantially 
improved, but when the root cracks do occur, they can grow to a 
relatively long length and still not reduce the load-carrying 
capacity of the structure. 
FATJ:GUE_ TESTS 
PlMJ*erj_eS' ^he results of fatigue tests on as-welded beams with 
ground weld toes are shown in Figure 9. The data for this series 
was limited to three beams at stress ranges of 12 ksi (82.7 MPa) 
and 24.8 ksi (171 MPa). The test conducted at the higher stress 
range was stopped after one detail failed at the toe even though 
the second detail had only partially cracked through the root. The 
mean regression line for these data shows decreasing effectiveness 
as stress range, increases, until at 22 ksi (151.6 MPa) there is no 
increase in life due to repair. The four points at the lower stress 
range indicate an average increase in life of 106% over plain cover- 
plated beams. 
Previous work by Harrison  and Gurney  also showed decreasing 
effectiveness with increasing stress range for non-load carrying 
fillet welds, although the increase in life at 25 ksi (172.3 MPa) 
stress range was at least 100% in each investigation. The same 
effectiveness at high stress ranges apparently does not apply to the 
full-size, load-carrying fillet welds tested in this study. 
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This effect should be con^'ir-ed by further testing since, in this 
study, only one beam was tested and both ends failed by  a different 
i".ode. 
A major factor which contributed to low fatigue life was the 
damage caused by the grinding burr. Examination of the points of 
crack initiation for several specimens revealed defects caused by 
poor grinding technique.  Figures 21 and 22 show two such initiation 
sites. One crack developed from a slag particle which had not been 
removed, but had been covered by a layer of "smeared" metal. The 
other failure started at a series of transverse notches which was 
caused by the grinding burr. Also apparent from close examination 
of the ground surface was the large amount of deformed metal. The 
tool used for grinding, shown in Figure 4, was typically operated at 
slow speed (1100 rpm) and required heavy pressure to cause the cut- 
ting edges to penetrate the surface. As the burr became dull, the 
metal was smeared instead of cut. Tensile residual stresses may 
have been induced on the surface by the cold work and may have 
aided in crack initiation. 
One possible method of improving the surface finish and reducing 
the amount of cold work is to use a high speed abrasive grinder. 
Although no fatigue tests were performed on welds ground in this 
manner, it was apparent from laboratory specimens that this method 
not only produced a finer surface finish, but was also less time 
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consulinq.  Figure 23 shows the type of surface finish obtained by 
abrasive grinding. Although the grind marks are perpendicular to the 
applied stress, they are not expected to act as crack initiators 
because they are very fine. 
There is no theoretical reason why grinding cannot be effective 
on very shallow defects (0.010 in., 0.25 mm) expected in this series. 
The solution appears to depend on developing a grinding technique 
which consistently removes the defects without introducing any new 
ones. 
GLA Series This was also a short series consisting of eight data 
points. All the fillet welds in the series failed at the toe, and 
as shown in Figure 10, all fell within the confidence limits of the 
plain coverplated beams. This behavior was expected because the 
depth of grinding was not sufficient to reach the crack tip which, 
at the time of repair, was already about 0.1 in. (2.5 mm) below the 
surface. It was also apparent that any reduction in stress concen- 
tration at the weld toe due to grinding had a negligible effect on 
crack growth. This series emphasizes the need for early repair if 
success is to be achieved. 
GVA Series Since the previous series was unsuccessful in repairing 
a shallow crack, there was no reason to hope for success with a 
deeper crack. Consequently, this series was modified to combine two 
repair methods. The visible cracks were ground and then peened; and 
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as snown in fiqyre 11, trie technique was■ rorc  successful fv.n qrtmiim; 
alone.  Since these data <ire  comparable to the f,VA series data, the 
1".prevalent is obviously due to the cocpressive stresses due to peen- 
incj. 
PAA Series Test results of the beams with peened weld toes are 
shown in Figure 12. The effectiveness of peening was strongly depend- 
ent on stress range. At the lowest stress range tested, there was an 
average improvement of nearly 200%, while at the highest stress range, 
the improvement was negligible. This effect is believed to be due to 
partial cancellation of the residual stresses near the crack tip. As 
the stress range increases, a larger part of the residual stresses is 
cancelled. Therefore, peening would be expected to have the greatest 
effect at the lowest stress range and minimum stress. 
The mean regression line shown in Figure 12 is for only those 
beams tested at 10 ksi (68.9 MPa) minimum stress. The beams tested 
at 2 ksi (13.7 MPa) minimum stress were not included in the regression 
analysis because they represented a separate statistical population 
characterized by a significantly longer fatigue life. The effect 
of the lower minimum stress was to increase fatigue life by 170% 
over those beams tested at 10 ksi (68.9 MPa) minimum stress. The PLA 
series showed a similar effect of minimum stress although the increase 
was much greater. 
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r[.A Series Figure 13' indicates that peening has no effect on the 
fatigue life of those beams cycled front a minimum stress of 10 ksi 
(68.9 M?a). All failures occurred within the data scatter expected 
for non-repaired details. Apparently the compressive stress field 
was not great enough to offset the applied tensile loads. Peening 
was much more effective on the beams cycled from 2 ksi (13.7 MPa) 
minimum stress. The influence of minimum stress is shown by the 
large increase in life of the six details tested at 2 ksi (13.7 MPa) 
minimum stress at the low and intermediate stress ranges. These can 
be compared directly to the details tested at the same stress ranges, 
but at a higher minimum stress. Again this effect is due to the 
compressive stress field counteracting the applied tensile loads. 
PVA Series Because of the large effect of minimum stress noted in 
the PAA and PLA series, its influence was further investigated in 
this series. Four details were tested at 2 ksi (13.7 MPa) minimum 
stress and 18.6 ksi (128.2 MPa) stress range, but the repairs were 
made while the minimum stress was still applied. Six other details 
tested at 10 ksi (68.9 MPa) minimum stress were also repaired while 
the minimum load was applied. The results are presented in Figure 
14. The four details tested at the highest stress range and repaired 
under 10 ksi (13.7 MPa) minimum stress showed an increase in life of 
at least 100%. One detail lasted 400% longer than either the non- 
repaired details or those repaired under zero load. The most 
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noteable change occurred at the intermediate stress range because 
the former effect of minimum stress was not observed.  Tnose details 
tested at both the high and low minimum stress had similar lives 
when peened under their respective minimum loads. The magnitude of 
the increase in life for both of these categories was about 400;. 
Two other details tested at the same stress range and 10 ksi (68.9 MPa) 
minimum stress were known to contain large cracks at the time of 
repair, but were not peened under minimum load. These failed with 
no increase in life. 
The beams tested at the lowest stress range, although not 
repaired under minimum load, did show some improvement in life. One 
detail failed just outside the non-repaired scatter band while the 
other detail showed a 200% increase. This is on the same order-of 
improvement as the PAA series at low stress range. The large amount 
of scatter in this series at all stress ranges is attributed to the 
difference in the initial crack size. A shallow crack is repairable 
while a deep crack is not. 
The results of this series are significant because they not only 
confirm the beneficial effect of low minimum stress, but demonstrate 
that a significant life increase can be achieved even at high minimum 
stress when peening is done while the minimum load is applied. Indeed, 
the lives of those details tested at high and low minimum stress tend 
to converge. This is due to the fact that compressive residual 
stresses of yield stress magnitude are imposed at the crack tip 
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regardless of the initial ninmu'-i stress. Both details are Sub- 
sequently cycled frof- the sa'ne effective ninimuir. stress, i.e., the 
co-tpressive yield stress. Fatigue life now becomes a function of 
the stress range only. 
It is apparent that peeninq can be effective in extending 
fatigue life when applied under the proper conditions.  Peening is 
most effective at the low stress range but is also effective at' 
all stress ranges when performed while the minimum load is applied. 
Variability in crack depths will have a large effect on repair 
effectiveness. This points to the need for early crack detection. 
TAA Series This series must be characterized as the most success- 
ful in terms of reliability of repair. The results, summarized in 
Figure 15, indicate a substantial increase in life for all stress 
range and minimum stress combinations tested. The increase ranged 
from 270% at 24.8 ksi (171 MPa) to 360% at 12.0 ksi (82.7 MPa). 
The uniqueness of this series is demonstrated by the fact that all 
failures occurred at the weld root indicating maximum repair effec- 
tiveness. Figure 24 shows a failure typical of this series. 
The lower stress range is again shown to promote longer life, 
although in this series the difference between high and low stress 
range is relatively small, mainly because of the exceptional effec- 
tiveness at high stress range. The difference in life due to mini- 
mum stress at 18.6 ksi (128.2 MPa) stress range was only 50%, again 
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n-jch smaller than in the peened series.  This is partly due to the 
fact, that the life at 10 ksi (68.9 MPa) is greater in  the revolted 
series than in tne peened series, while the life at 2  ».si (13.7 MPa} 
is greater for the peened series than the remelted series. Both of 
these effects can be attributed to tne interaction of the conpressive 
stress field and minimum stress level which occurs at the peened toe, 
but is absent at the remelted toe. 
The success of the 6TA remelting technique is contingent upon 
melting the toe region and floating the slag intrusion to the surface. 
This proved to be a relatively easy task in the TAA series because 
the defects were within 0.010 in. (0.25 mm) of the surface, and 
therefore easy to remove. As will be shown in the next series, the 
success rate is not as high when the defects are farther below the 
surface. 
TLA Series This is the first of the two precracked series in which 
cracks were known to exist at the time of repair. This series can 
be characterized by a crack depth of less than 0.10 in. (2.5 mm) 
although still not visually detectable. The results of remelting 
these shallow fatigue cracks are shown in Figure 16. The success 
rate was very high, with 15 failures from the root, and only three 
from the toe. The three toe failures were carefully examined and 
found to be the result of lack of remelt penetration. After repair, 
the crack tip remained buried beneath the surface, and was observed 
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to grow rapidly back up to the surface and  continue down through the 
flange resulting in no increase in life. After the cause of these 
failures was determined, the renelting procedure was modified to 
insure deeper penetration and no more toe failures occurred. 
The magnitude of the increase in life was approximately the 
same as in the TAA series except for a slightly larger effect of 
stress range. The average life at the lowest stress range was 
slightly longer than the TAA series while the average life at the 
highest stress range was slightly shorter. The minimum stress did 
not have a significant effect on life although there appeared to be 
a slight shift toward longer life at the lower minimum stress. 
Remelting is again shown not to have a detrimental effect on 
the fatigue life of the microstructure at the weld toe. Although 
the microstructure is changed from equiaxed to dendritic, there is 
no propensity for crack initiation or brittle fracture at the test 
temperature. 
This series shows that GTA remelting can be an effective 
method of repairing shallow fatigue cracks when care is taken to 
insure adequate penetration. 
TVA Series The precracks in the series were visible along the 
surface at the weld toe and their depth was estimated to be on the 
order of 0.10 - 0.20 in. (2.5 mm - 5 mm). This series also had a 
^ery  high success rate with only one detail falling within the 
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scatter band of the unrepaired bean's. This failure was attributed 
to shallow recelt penetration.  Figure 17 shows that the repair was 
equally effective at all stress ranges and that there was no signi- 
ficant effect of minimum stress. 
The mode of failure of some details in this series was different 
than the previous ones. Of the sixteen details tested, nine failed 
from the root while seven failed from the toe region. Six of these 
toe failures were not due to lack of remelt penetration, but started 
at the surface, in or near the GTA weld. Although these failures 
were from the toe, they still resulted in an increase in life 
ranging from 190S to 230%. This is because a new crack had to 
initiate from a new defect site in or near the GTA remelt zone. 
These new defects were found to be coarse ripples in the remelt or 
undercutting at the edge of the remelt. The cause of the defects 
was related to the remelt procedure which required a large molten 
puddle to insure adequate penetration. This resulted in a rough 
bead shape with occasional coarse ripples. A more complete dis- 
cussion of these defects will be given in the following section. 
It is clear from this series that even cracks on the order of 
0.20 in. (5 mm) deep can be successfully repaired. Although toe 
failures occurred frequently in this series, there was no resultant 
penalty in fatigue life since the toe failures occurred at about the 
same number of cycles as the root failures. 
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CRACK   l\l 11 Ml0U I 
} i 12 }•'• 
'ton-Repaired Welds There is evidence fro-  other investigators '" ■ ' 
that the fatigue strength of fillet welds depends only on the rate 
of crack growth. Crack initiation can be considered complete after 
the weld is made because of the frequent occurrence of sharp defects 
caused by the intrusion of non-metallic material in the vicinity of 
9 
the weld toe. Signes determined that the intrusions resulted from 
welding slag present in the locally melted regions of the base metal 
or in the weld metal. He further estimated these defects to be on 
the order of .005 in. (0.13 mm) long and several thousandths of an 
inch deep, with a root radius of 0.0001 in. (0.0025 mm) or less. 
His investigation was made on shielded metal-arc welds in which slag 
was present from the electrode coating. Since the welds in the 
present study were made with the submerged arc process, it was 
necessary to determine if the same type of defects were present. 
The scanning electron microscope was used to examine both 
fracture surfaces and polished surfaces of the various weld toes. 
The fracture surfaces were from the compression flanges of several 
beams which had previously been cycled. Very  small cracks, on the 
order of 0.010 in. (0.25 mm) deep and 0.060 in. (1.5 mm) long were 
sometimes found at the toe of these welds. These cracks were exposed 
for examination by sawing partially through the underside of the toe, 
cooling with liquid nitrogen and fracturing. SEM photographs of 
typical cracks are shown in Figures 25 through 32. The first three 
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ot these photographs shows three minute crocks which initiated 
directly below a slay particle and in the absence of any other 
gross defect. The extent of the fatigue cracks are clearly outlined 
by the change in fracture appearance to the cleavage mode, char- 
acteristic of brittle fracture.  The location of the slag particles 
is in every case above what appears to be the center of the fatigue 
crack. Considerable surface roughness is also evident directly above 
the cracks. This evidence strongly suggests that the slag particles 
played a major role in crack initiation. 
Figure 28 shows a crack which initiated at the termination of 
a weld ripple. There does not appear to be any slag clinging to 
the surface above this crack and the surface appears to be relatively 
smooth. The same crack is shown in Figure 29 at 500X. A slag network 
is seen clinging to the surface of the ripple and protruding into the 
crack. Above the center of the fatigue crack is a minute depression 
filled with slag. Figure 30 shows another example of the intimate 
contact between the slag and the weld metal at the point of crack 
initiation.  It is difficult to say with certainty just how completely 
the slag and metal are joined, but it appears that the slag actually 
penetrates a short distance into the base metal suggesting that part 
of the base metal had melted and resolidified around the slag par- 
ticles. Further evidence of this is shown in Figures 31 and 32. These 
photographs are of polished cross sections taken parallel to the sur- 
face of the base metal at the weld toe. Figure 31 shows two distinct 
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slaq n-articles enbeddeci in the base metal. Nur.erous pin holes arc 
also visible, indicating that this base r-etal had been locally relied 
as a result of welding. A crack is,seen to traverse this area and 
run directly into the slag particle.  Fiqure 32 shows a sinilar area 
traversed by the same crack, A swirl pattern typical of that observed 
during solidification around a non-metallic particle is evident at the 
edge of the polished surface. A close examination of the rough area 
revealed numerous pin holes in addition to the angular, crack-like 
features. Any of these features appeared to be likely sites for 
crack initiation. 
This evidence shows that slag intrusions can be expected in 
submerged-arc welds and that their size and frequency of occurrence 
are in agreement with that reported by Signes. 
In addition to the submerged-arc welds from the fatigue spec- 
imens, several shielded metal-arc welds were made with a low hydro- 
gen electrode. These welds were ground down to the toe, parallel 
with the base metal. Figures 33 through 37 are SEM photographs of 
slag intrusions. These photographs are conclusive evidence of local 
base metal melting and subsequent resolidification around non-metallic 
intrusions. Figure 37 shows one crack-like feature, partially filled 
with slag and only 0.0001 in. (0.0025 mm) wide. The shape of other 
features in these photographs range from blunt as in Figures 33 and 
35 to sharp as in Figures 34, 36, and 37. In all cases, melting and 
resolidification of the base metal is obvious. 
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In s-jmary, this investigation confirmed the presence of slag 
fro"- the welding process embedded in locally melted base rretal . 
These slag intrusions -were seen to be of a variety of shapes and sizes, 
including very  sharp and crack-like. These are  the type of defects 
which are believed to act like pre-cracks, causing low fatigue life 
in fillet welds. 
Repaired Welds Most of the toe failures were examined to determine, 
as precisely as possible, the cause of failure. Visual examination 
with the aid of a 20X stereo microscope usually revealed sufficient 
detail. Occasionally the SEM was used when higher magnification 
was needed. With these tools, many initiation sites were precisely 
located, while others were placed in a general area, e.g., a weld 
ripple. 
Crack initiation sites were different for each method of 
repair and in some cases were affected by the time at which the 
repair was made. 
For those beams repaired by grinding, in the majority of cases 
where the point of initiation could be clearly located, it was seen 
to occur at a defect which had not been effectively removed, or at 
a gouge or series of gouges caused by the grinding burr. Figure 21 
shows a slag particle which was not removed during repair. The 
grinding burr apparently smeared weld metal over this defect instead 
of removing it. 
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figure 22 ir>  a photograph of the ground surface through which 
the fatigue prorogated. A series of gouqes is clearly seen to be 
along the crack oath.  It is believed that cracking started at one 
or rore of these gouges and eventually linked to form one larger- 
crack. 
The effect of the deformation evident in these two examples 
must be considered as probable contributors to failure. Tensile 
residual stress present in these locally deformed regions raise 
the minimum stress at the weld toe, thus reducing fatigue life. 
Micro-tears, the result of a local exhaustion of ductility, can 
also promote early crack initiation. 
In the GLA series, the cracks were already too deep to be 
reached by grinding. Since the effect of a reduction in gross 
stress concentration on stress intensity at the crack tip has been 
shown to decrease rapidly with increasing crack depth, ' the lack 
of improved fatigue life is to be expected. 
In summary, the gross defects caused by grinding were found 
to be a major cause of early failure. These defects were of the 
same order of severity as those caused by the welding process as 
indicated by the minimal increase in fatigue life. 
Beams repaired by peening had a different mode of crack in- 
itiation. Peening severely deforms the metal in the vicinity of the 
weld toe, blunting the crack-like slag intrusion or fatigue crack 
and introducing compressive residual stresses. Figure 38 shows a 
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section throuqn a typical peened wold toe.  The severity of deformation 
indicated by the elongated grains decreased with increasing depth 
below the surface. At the surface, the individual grains Are 
indistinguishable.  Transverse sections through several peened toes 
revealed numerous lap-type defects which were the result of extensive 
surface deformation. Two examples are shown in Figures 39 and 40. 
These defects are believed to be typical of the entire weld toe since 
they were found in nearly all transverse sections. The depth of these 
laps was on the order of 0.002 - 0.010 in. (0.05 - .25 mm), approx- 
imately the same depth as the original slag intrusions. These laps 
may behave similarly to slag intrusions in providing sites for crack 
initiation even though these defects are in a compressive stress 
field. A thin layer of peened metal was seen extending from the 
top of many fracture surfaces indicating that cracks either started 
at, or at least ran through, the base of these laps. Further evi- 
dence supporting this behavior was provided by Harrison  who showed 
that welds which were first peened and then stress relieved provided 
nearly the same fatigue life as the untreated weld toes. 
Fracture surfaces from the PLA and PVA series were examined to 
determine the effect of peening on an existing crack. Figures 41 
and 42 show two such repairs on a shallow and a deep crack respective- 
ly. In both cases, the initial crack appeared burnished, indicating 
relative movement between the two crack faces. Burnishing became 
less apparent with increasing crack depth and in Figure 42 
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disappeared at a depth o*" about 0.16 in. (4 m}. Upon recycling, 
the crack continued to qrow, although at A slower rate due to the 
induced compressive stress field. There was no evidence of crack 
healing. 
The TAA series was unique because all failures were from the 
weld root. From these results, it was concluded that the slag 
intrusions were removed or corrected and that the resulting GTA 
remelt solidification structure did not promote crack initiation. 
In the TLA series, the toe failures were caused by inadequate 
remelt penetration.  Figure 43 shows a typical failure of this type. 
The clamshell markings in the center of the beam mark the extent 
of the initial crack. The remelted region was characterized by a 
coarse dendritic structure which varied in depth across the flange 
from a maximum of 0.28 in. (7 mm) to a minimum of 0.06 in. (1.5 mm). 
When loading was resumed, the remaining portion of the original 
crack quickly grew up through the remelted region and down through 
the flange. Partial penetration repairs did not provide any increase 
in life. 
In the TVA series, higher heat input was used to increase remelt 
penetration because the cracks were expected to be deeper. This was 
successful in increasing the penetration, and although there were 
no failures due to inadequate penetration, there were eight toe 
failures. Four of these failures were available for examination. 
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■'All four toe failures were trie result of rccManical effects; tnere 
was no evidence of failure due to adverse r-etallurqica] properties 
result inq fron the remelt.  Figure 44 shows the fracture surface 
and the rernelted toe for one failure.  The main crack initiated at 
a ripple at the toe of the remelt. A secondary crack started at 
another weld ripple.  The crack which propogated through the coarse- 
grained HAZ and weld metal followed both the undercut at the weld 
toe and the depression along a weld ripple, indicating a lack of 
preference for a particular microstructure. The microstructure 
of the HAZ near the initiation site along with the microstructure 
near the bottom of the flange is shown in Figure 45. The fine 
grain size at the bottom of the flange indicates that the entire 
thickness of the flange had been austenitized and subsequently trans- 
formed upon cooling. 
Several failures occurred at slag-filled depressions along 
weld ripples. One failure started at two depressions in a weld 
ripple 0.12 in. (3 mm) away from the toe of the remelt. A slag- 
like material was firmly attached to both initiation sites. The 
crack propogated mainly along the remelt although it did travel for 
a short distance through the HAZ. Similar failures were noted in 
other beams where initiation occurred at a slag-filled depression 
in the weld ripple. These failures occurred in beams which had not 
been sandblasted before repairing. The mill scale that was still 
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present was probably the source of the slaci. Also, as mentioned 
earlier, undercutting resulted *ro" welding on non-sandblasted 
surfaces because the liquid netal did not wet as readily on nill 
scale as on a clean surface. These two features present at the 
initiation site, slag and undercut, probably caused failure. 
Figure 46 shows a failure which started in the crater at the 
termination of the GTA remelt. This type of defect is easily 
eliminated by continuing the GTA remelt around the end of the cover- 
plate and terminating it away from the high stress area at the toe. 
Although the frequency of toe failures in the TVA series was 
high, it should be noted that an increase in life of about 150% 
resulted even when final failure occurred at the toe. The high 
frequency of toe failures, compared with the TLA series, is believed 
to be due to geometrical factors such as poor bead shape and under- 
cutting which are the result of unsteady torch manipulation and 
large puddle size. 
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CONCLUSIONS 
The following conclusions are based on the study of the 
effectiveness of grinding, peening, and GTA refuel ting in repairing 
fatigue cracks of various depths at transverse fillet weld toes. 
1. The optimum repair effectiveness occurred when the cracks were 
entirely suppressed, although substantial increases in life did occur 
in some welds even though failure originated at the toe. 
2. Repair became more difficult and less reliable as the depth of 
the crack or defect increased. Grinding was shown to be ineffective 
even on shallow cracks, while peening and GTA remelting, under cer- 
tain conditions, were effective at depths up to 0.15 in. (4 mm). 
Beyond this depth, another method of repair would have to be used 
on fatigue cracks. 
3. The effectiveness of repair was, in most cases, a function of 
the stress range, . Welds cycled at 12.0 ksi (82.7 MPa) stress range 
responded more favorably than those cycled at 24.8 ksi (171 MPa). 
Minimum stress level was significant only in the peened series. 
4. The care with which the repair was made had a large influence 
on its effectiveness. In several instances, cracks were seen to 
initiate at grind marks, weld ripples, and weld stop craters. 
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J.  Grinding was seen to be ~arqinally effective when ;Hn>l H-d before 
service, and ineffective when applied to an actual fatigue crac». 
The effectiveness of the as-welded series could be increased by  "-ore 
careful grinding. 
6. Peening was effective when applied under the proper conditions. 
This method showed the most dependence on stress range and minimum 
stress. Peening was most effective on beams cycled through a low 
stress range from a low minimum stress. Very  significant improve- 
ments were obtained even at high stress range when peening was done 
while the minimum was applied. 
7. GTA remelting was the most effective repair method both in terms 
of increase in life and reliability of repair. When applied before 
cycling, remelting completely suppressed toe cracking. Remelting was 
nearly as successful on fatigue cracks of up to 0.16 in. (4 mm) in 
depth. These toe failures were caused by either lack of penetration 
or poor workmanship and could be corrected by minor changes in the ^ 
repair procedure. Remelting was shown to be effective at all stress 
ranges, with only a small dependence on minimum stress. 
8. The SEM was used to locate slag intrusions at fillet weld toes. 
These intrusions were seen to be variable in shape with some assum- 
ing a crack-like shape. These defects are similar to those described 
by Signes and are thought to be the cause of low fatigue life in 
fillet welds. 
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"able   1 
Arrangement'Of Test Bearns   *_n. Series 
Repair Method 
Time of Repajr 
As Welded 
754 LCL 
Visible Crack 
Grind Peen 
GTA 
Refnejt 
GAA PAA TAA 
GLA PLA TLA 
GVA PVA TVA 
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Table 2 
Test Matrix 
Stress Range, S R 
Minimum 
Stress, S . 
mm 
12.0 ksi 
(82.7 MPa) 
18.6 ksi 
(128.2 MPa) 
24.8 ksi 
(171.0 MPa) 
2.0 ksi 
(13.7 MPa) 
XXA 241 
XXA 242 
10.0 ksi 
(68.9 MPa) 
XXA 331 
XXA 332 
XXA 341 
XXA 342 
XXA 351 
XXA 352 
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Table 3 
Summary of test results 
for the a9-welded series 
*r*t.v; s*'iv,.t MirUH'.W   SIRtSS 
'•* 
!k
"> S^   (HI) 
i;. o ! 0 . f> 
; 2 ■ 0 10.0 
2 ■'. . ft t o. o 
24 .8 i o. o 
1.» . n 10.0 
l.'.i" to.o 
"" le.-6 2.0 
18.6 2.0 
18.6 10.0 
18.ft 10.0 
2 A .8 10.0 
26.8 10.0 
12.0 10.0 
12.0 10.0 
18.6 2.0 
18.6 2.0 
18.6 10.0 
!6.6 10.0 
24.8 10.0 
24.8 10.0 
i-i< :i 
CAA!<1s 
■ *-* > ' • ' 1 . 2,1*1. 
FA* M;.) 
h 
PAA 112.1 
(•AA.'ii.i 
i, 
TAA242* 
1'AA 14 1.1 
PAA 3 .2 .1 
i, 
PAA151* 
h 
PAA 352.1 
b 
TAA 1 .11.1 
3,142,300 
TAA 3 32.1 
b 4,716,000 
TAA24 la 
b 
7AA242.I 1,123,100 
b 388,000 
TAA .3   In 
h 
TAA 342 ;i 
h 
TAA3S1.1 
b 
TAA352.1 316,500 
b 316,500 
7 74,600 
413,400 
30 3,400 
'■ it I.E.- U.K M !<■'•» 
•.I r*iu« rMU »i 
i.'.'..' ■■■- T 
i. '-••:. i•>■■:■> *, 
.'. r- ),c ■ X 
2,2*-', '■'■' i 
r.*>, ,"|"V >   n..:    tl.i 
«•-, ;•■■■; I 
i !■. ,<•'•'-' T   n,->   {»>r 
1 14,0->1 r 
2 , ii*, 7'-) i 
J, I 70, JIV'I T 
3,m,7'.o T 
7?4,t-f)i) T 
2, n;,5'-!i T 
6 1 1,4(1(1 T 
SO 3,6PO I 
19 7,7no T 
4 4 8.2nn • T 
303,400   • I 
17 2.2 01 T 
I'll, 5no T 
KU. VV! I 
14 8,600 T 
135,100 I 
1. 3R7,4i,0 R 
4,168,800 H 
4,7 16,000 R 
5,788,600 R 
1,156,500 R 
1,236,100 R 
1 ,46 7,000 R 
1,555,700 R 
804,400 R 
804,400 R 
1,09 7,400 R 
7 52,600 n 
506,400 P 
2 74,400 R 
6 35,900 R 
335,200 R 
Ksi MPa       Ksi_  MPa 
SI Conversions 
for Stress Range     2.0 13.7      18.6  128. 
and Minimum Stress   10.0 68.9      24.8  171. 
12.0 82.7 
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Table 4 
Surrrr«ary of test results 
for the pre-cvcled series 
*rj« 5Tit?'.   'JV2 
% ■> jt« 1,   ;-..n 
,:A '■-', if U - ' 
•t 
'.;»-»J.ii» ;:. ": 
?> 
ci>n:« :*.< 
* 
iUJUi :i.« 
?> 
f'~AJ>I* •    "»         ;"', 
?U;J:J '.2 .0 
b 
?LA;«U IS.6 
b 
PLAIil* 18.6 
b 
PLA34U 18.6 
b 
?LA}42a 18.6 
b 
?LA35U 24.3 
b 
FU352J 24.8 
b 
TXA331a 12.0 
b 
TLA332a 12.0 
b 
TLA333a 12.0 
b 
TXA241a IB.6 
b 
TLA242a 18.6 
b 
TLA34U 18.6 
b 
TLA342a 18.6 
b 
TLA35U 24.8 
b 
TLA352a 24.8 
b 
rCJiIV.* iT3tSS 
2 .0 
2.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
10.0 
2.0 
2.0 
10.0 
10.0 
10.0 
10.0 
- i i, ■■:>" 
-13,-: '.«o 
41S.C-00 
119,O00 
119,000 
119.000 
119,000 
49,000 
49,000 
418,000 
418,000 
418,000 
119,000 
119,000 
119,000 
119,000 
49,000 
49,000 
u*$z  V'SS'J -:wci- 
4 >;, :'.' 3 
if, KM) 
677,100 
6 73,SGO 
678,500 
79, ,500 
49, ,000 
*9i ,000 
418, ,000 
,476, ,100 
356,600 
119,000 
119,000 
119,000 
31*4,500 
Ct ^ *.X5 L*>;.>7!^'*     1 
tV:    fMl'.BX I»il:tt 
:;,',!;:';:; • 
7 
***>, 10} 7 
**, »r-j f 
*4,}'X> • 
;') S, * '* n ■ :  • 
^2,:-:<o 7 
i 1 ,*-i 3 , * 
56,JS0.4CO R 
i,i:*,40c- T 
521,600 r 
2,93 5,2-0 s 
■3,369, 10-1 ~ 
i,355,600 T 
2,475,600 7 
248,200 7 
266,400 T 
245,000 T 
224,000 T 
79,500 X 
100,800 T 
79,000 ' T 
79,000 T 
713,500 T 
2,623,000 R 
4,195,000 R 
8,777,900 R 
4,596,900 R 
6,494,600 R 
675,300 R 
356,600 T 
1,179,300 R 
895,800 R 
675,000 R 
747,300 R 
314,500 T 
583,100 R 
191,300 R 
410,800 R 
242,000 R 
185,400 R 
SI Conversions for 
Stress Range and 
Minimum Stress 
Ksi 
2.0 
10.0 
12.0 
MPa 
13.7 
68.9 
82.7 
Ksi 
18.6 
24.8 
MPa 
128. 
171. 
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Table   5 
Susenary  of   test   results 
tor   the  pre-cracked  series 
ltli> !T)B5   »>v;t *IS:KVM smtij CfCl.1.5 "y i" t'* u«o*;c'-i ct 
v.rrn* 5t    !••'.( s tt  -• « • 11 tltS'  :,t.S :0  CWCI TO mum r*:u.« 
..v* 5 ■-;■« •c - 
'. ,*?i.7./? t 
■~.",»,i *.» ;» * '. 0. -> *2 , W ;»J,.»o * 
^ 41 . K'AI 2 7 - , 2 '>!) r 
:v*n.'» :-, i l 3.0 ;s.U'.w i-i.vCO i 
^ 78,000 145,000 7 
rv* J 5: * 12 . i.: 10.0 5'29,4-:0 2,453,500 T 
> I, 'j"*b . •**..'0 1,572,400 I 
r.-Ajj.'j ; ;'   , 0 12 .0 I, 131,000 1,381,600 7 
r> '   974.700 1.535,10" t 
I"I-A:»I* '.8.6 2.0 172,500 949,3-0 X 
s 203,100 1,336,«00 T 
i1*/ A "* '# ^ J i 3 >* 2.0 687,000 1,39 3,200 7 
b 392,400 72 7,800 T 
FVA?,1 > 19.6 to.o 119,000 165,300 T 
b 119,000 138,000 T 
r/AJilj 18.6 10.0 261,400 1,06 7,900 T 
a 158,-00 I,172,100 T 
?VA35l» 24.3 10.0 65,500 2 19,300 T 
b 115,400 178,700 T 
FVAJ52* 24 .3 10.0 2 36,000 517,100 T 
b 228,400 250,400 T 
7VA33U 12.0 10.0 465,000 2.2 50,000 T 
b 465,000 2,250,000 Toe  of  TIG weld 
TVAJ32.1 12.0 10.0 860,000 3,303,500 Root   Into TIC  toe 
b 860,000 2,695,000 Root   Into TIG  toe 
TVA24U 18.6 2.0 617,000 1,031,000 R 
b 447,000 1,055,800 R 
TVA242a 18.6 2.0 318,000 I,140,220 R 
b 218,000 807,000 R 
TVA34U 18.6 10.0 133,000 818,200 R 
b 234,800 539,100 R 
TVA342a 18.6 10.0 200,000 962,000 R 
b 200,000 962,000 R 
TVA35U 24.8 10.0 15,800 261,300 Toe  of  TIG  weld 
b 78,800 261,300 Toe  of TIG   weld 
IVA352J 24.8 10.0 52,000 343,400 R 
b 52,000 134,400 T 
SI Conversions for 
Stress Range and 
Minimum Stress 
2.0 
10.0 
12.0 
MPa 
13.7 
68.9 
82.7 
Ksi 
18.6 
24.8 
MPa 
128. 
171. 
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Figure 2    Test beam loaded  in dynamic test bed, 
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Figure 4 Rotary file used to grind weld toes 
- 49 
Figure 5 Typical ground weld toe. 
50 
Figure 6 Tool used to peen weld toes, 
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Direction 
of   welding 
Direction 
of   welding 
Figure 7 Schematic of recommended GTA remelt start 
and stop techniques (after Millington [12]) 
52 
Figure 8 Typical GTA remelted weld toe, 
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r-Transverse 
/   Fillet Weld 
Cracked Area 
Stage I 
2a 
^ !!»!« 
Stage 2 
ZZ] 
Figure 18.  Two states of crack growth 
at non-repaired fillet welds. 
-63- 
Jz 
Transverse 
Fillet  Weld 
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Stage 1 
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Stage 2 
^/^MSF* mumwrn :k 
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Stage 3* 
Figure 19 Three stages of crack growth in repaired fillet 
welds for cracks initiating away from the beam center. 
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Figure 20 Typical root failure. 
65 - 
Figure 21    Crack initiation at a slag particle. 
66 
Figure 22 Crack initiation at grinding notches. 
- 67 
Figure 23 Weld toe ground with an abrasive wheel 
68 - 
•SSl5^88'**" „        _^    ,. 
Figure 24 Root failure typical of the TAA series, 
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Figure 25    Crack initiation at a slag particle along 
a non-repaired weld toe (130x). 
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Figure 26    Crack initiation at a slag particle along 
a non-repaired weld toe  (11 Ox). 
71 
Figure 27    Crack initiation at a slag particle along 
a non-repaired weld toe  (150x). 
- 72 
Figure 28 Crack initiation at a weld ripple (50x) 
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Figure 29 Higher magnification of weld ripple shows 
slag network (500x). 
- 74 - 
Figure 30 Slag network extending into the crack surface ( 600x) 
- 75 
Figure 31 Two slag particles 
toe (600x). 
embedded in the weld 
76 
Figure 32 Crack traversing a locally melted region containing 
sharp defects (760x). 
77 
Figure 33    Blunt slag intrusion at a 
weld toe  (720x). 
shielded metal-arc 
78 
Figure 34    Slag intrusion at a shielded metal-arc weld toe (lOOOx) 
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Figure 35    Slag  intrusion at a shielded metal-arc weld toe  (760x) 
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Figure 36 Extensive slag intrusion at a shielded metal-arc 
weld toe (600x). 
- 81 - 
Figure 37 Narrow slag intrusion at a shielded metal-arc 
weld toe (600x). 
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Figure 38 Extensive deformation evident in a 
typical peened weld toe. 
- 83 - 
Figure 39 Lap-type defect caused by peening (532x) 
84 
Figure 40    Lap-type defect oriented nearly parallel   to the 
surface of the weld  (532x). 
- 85 
■ V ■*> '-* •* 
* £■**■'■' - ,« -. . - 
Figure 41 Original fatigue crack delineated by burnished 
surface (12x). 
86 - 
Figure 42 Deep fatigue crack (0.16 in., 4 mm) faintly 
outlined by burnished surface. 
- 87 
Figure 43 Fracture surface from the TLA series showing depth 
of original crack and depth of remelt penetration. 
- 88 
Figure 44 Top and front view of a failure from the TLA series 
showing initiation sites at two weld ripples. 
- 89 - 
if a )  Initial ion 
i le 
(b) Bottom of 
flange 
Figure 45 Microstructure of HAZ near initiation site (a), 
and near bottom of flange (b). 
90 
Figure 46 Crack initiation at a weld crater. 
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APPENDIX A 
■■ EFFECT OF WELD PARAMETERS 0". ^WLLT. PENETRATION 
METHOD 
In order to determine the effect of shielding gas composition and 
cathode vertex angle on weld penetration, two scries of tests 
were performed. The first was simply a bead on plate test to 
detennine the effect of cathode vertex angle (CVA) and shielding 
gas on depth of penetration. The second series showed the effect 
of GTA torch orientation on the location of the maximum penetration 
relative to the fillet weld toe. 
All welds were made on ASTM A-36 plate, sand blasted, vigor- 
ously were brushed and degreased with acetone. GTA welds were made 
with a Linde HW-18 water cooled torch and Linde 300 amp. DCSP power 
supply. A high frequency starting unit was used to prevent elec- 
trode contamination on starting. A 5/32 in. (3.9 mm) diameter, 
2%  thoriated tungsten electrode was used throughout the tests. 
The torch was mounted on an electronically controlled travelling 
head which maintained a constant travel speed of 3 ipm. 
In the bead on plate series, five cathode vertex angles of 
30°, 60°, 90°, 120°, 150° were investigated while the welding 
current and cathode to work distances were held constant at 200 amps 
and 0.060 in. (1.5 mm), respectively. The specimen size was 
94 
"i" >. 17; "i" .», 13 '■?•). five welds were "vnie 
on cacft phitc. The end welds were 1.5 in. (38 rrc) away from the 
edge of the plate to prevent overheating. The plate was allowed 
to cool to rooKi temperature before the next weld was made. 
The tests were performed using argon as the shielding gas 
and then repeated using helium as the shielding gas. The specimens 
were then sectioned, polished and etched with nital.  Depth of 
penetration was measured with a 3x stereo microscope and calipers. 
An average depth was computed from six depth measurements taken 
along the length of the plate. 
Using the results of the bead on plate test, the vertex 
angle which gave the greatest penetration for each shielding gas 
was used in the next series to determine the effect of torch 
orientation on the location of maximum penetration with respect 
to the fillet weld toe. This was done by melting a fillet weld 
toe with the GTA torch held at three different angles from vertical. 
Fillet welds were dressed at 0°, 10°, and 20° to the vertical. 
The vertical dressing was unsuccessful because the ceramic insulator 
interfered with the face of the weld before proper arc length was 
established. These specimens were then sectioned, polished and 
etched. The orientation which produced the deeper penetration 
directly below the original fillet weld toe was then evident. 
- 95 
''i'- orupnal *ille* we 1:1 toe was '.leterT.wie-j as snown ?n i'i-'jrc 
A],  A line was scribed a Ion-.;? tne test plate 1.0 in. [2b  rr.'; JWJ. 
fro"' tn.; fillet weld toe before neltinq.  After GTA -elttnq, the 
platt- was sectioned, polished and etched.  The 1.0 in. (25 ;rr} 
distance was measured back fron the scribed line, and tne inter- 
section of this line with the top of the plate marked the location 
of the original weld toe. 
RESULTS 
The results of the bead on plate tests are shown in Figure A2 
and Tables Al and A2. Photographs of the welds are shown in 
Figures A3 and A4.  In Figure A2, the depth of penetration and heat 
input are plotted against cathode vertex angle. With helium 
shielding gas, the maximum penetration occurred at a CVA of 30° 
and decreased as the CVA increased. With argon shielding gas, peak 
penetration occurred at a CVA of 60° and also decreased as CVA 
increased. Examination of the depth of penetration data for the two 
shielding gases shows that the maximum penetration with helium is 
43% greater than the maximum penetration with argon, and that the 
average penetration of the helium arc is 100% greater than that of 
the argon arc.  It also should be noted that the variation in 
penetration with CVA for helium is less than with argon. For 
example, between a CVA of 30° and 120°, the variation with helium 
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is .i.Ot-j in. (0.27 r.v} ,  while for arqon it is about 0.045 in. 
,'1.1 "■.-,).  This is important because variation in trie CVA, which 
will inevitably be present if the electrodes are hand ground, 
will cause a smaller change in depth of penetration with tne 
he Hun arc than with the argon arc. 
Heat input is also plotted against CVA in Figure A2. For a 
constant current, shielding gas, travel speed., and electrode to 
work distance, the heat input might be expected to be constant. • 
This is not the case, however, because the voltage changes with 
changes in the CVA. This is illustrated in Figure A5 where the 
voltage is plotted against CVA. For both gases, the voltage 
decreased as the CVA increased. Therefore, for the same current 
and travel speed, heat input decreased as CVA increased. This 
is one of the reasons for decreased penetration at larger angles. 
An explanation for the voltage change was proposed by Savage. 
If the current density is assumed to be constant for all values of 
CVA (assuming constant current), the cathode areas must therefore 
be the same. When the CVA is small, the arc must travel further 
up the electrode to maintain the same areas as an electrode with a 
large included angle. This makes the "effective" arc length of a 
small angle electrode longer than that of a large angle electrode 
even though both have identical cathodes to work distances. 
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* Hlure -5 A shows the cnanqe in  width of the weld bead with CVA 
'or  eacn shielding qas.  Note that the bead width for the argon arc 
is greater than the helium arc over the whole range of cathode 
angles. 
The effect of GTA torch orientation on penetration at the fillet 
weld toe is shown in Figures A6 and A7. When a fatigue crack 
develops at the weld toe, it usually grows perpendicular to the 
flange or at an.angle of 5° to 10° from perpendicular in the direc- 
tion of the weld root. For maximum effectiveness, it is necessary 
to place the maximum penetration of the GTA remelted zone directly 
over the maximum crack depth. In Figures A6 and A7, the intersec- 
tion of the vertical scribed line with the plate surface represents 
the fillet weld toe. In Figure A6, the top specimen shows the 
results of argon shielding gas and a 10° torch orientation. Maxi- 
mum penetration occurs beyond the weld toe. In this case even if 
the crack was shallow enough to be repaired, there is a good chance 
of incompletely repairing it because the melted zone is in the 
wrong place. \ The lower specimen in Figure A6 shows the result of 
a torch orientation of 20°. It is apparent that the melted zone 
is effectively placed with respect to the crack. 
Figure A7 shows the effect of torch orientation with helium 
shielding gas. Both the 10° and 20° torch orientations effectively 
place the remelted zone over the expected crack. This is the result 
of the more directional and forceful helium arc. 
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"he conclusions to be drawn frcr. this study are that botn the 
choice of shielding gas, and the cathode vertex angle significantly 
affect penetration.  The helium arc is seen to produce 40" deeper 
penetration than the argon arc, and tnat penetration from the 
heliu.'n arc is less sensitive to changes in CVA than the argon arc. 
It is recommended that in order to obtain maximum weld penetration, 
helium shielding gas should he used, and that the electrode be 
ground to a conical point with an included angle of 30° to 60f. 
It is worthwhile to mention that there are other variations, in 
the GTA process that, although not evaluated in this study, are 
known to produce deep penetration. One variation is pulsing the arc 
between a yery  forceful peak current, and a low background current. 
The characteristics of this process are a high depth to width ratio 
(0.6 to 0.9) and a small molten puddle. The last characteristic 
makes this process attractive for out of position welding. 
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Fillet   Weld 
To e 
Scribed  Line 
Fillet Weld Toe 
TIG  Remelt 
Scribed Line 
Figure Al.  Method of locating original weld toe after GTA remelting. 
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Figure A3 Melt penetration with argon and helium shielding 
gases for different cathode vertex angles. 
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HELIUM 
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Figure A4 Bead width variations with cathode vertex angle 
for argon and helium shielding gases. 
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Figure A6 Effect of torch orientation on penetration at the 
fillet weld toe for argon shielding gas. 
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10c 
20c 
Figure A7 Effect of torch orientation on penetration at the 
fillet weld toe for helium shielding gas. 
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